Introduction
============

Bone marrow derived cells (BMCs) contribute to angiogenesis by differentiating into endothelial cells, smooth muscle cells and pericytes, and by secreting angiogenic proteins that support vessel growth and maturation \[[@b1]--[@b3]\]. The chemotactic cytokine stromal cell-derived factor-1 (SDF-1) plays a key role in mobilizing cells from the bone marrow and promoting homing of the cells to target tissues. SDF-1 acts by binding and activating the cell surface receptor CXCR4 on target cells \[[@b4], [@b5]\]. CXCR4 is essential for homing and maintenance of haematopoietic stem cells (HSCs) in distinct stromal cell niches within the marrow. CXCR4 surface expression varies between cell types. Most mesenchymal stem cells (MSCs) do not express CXCR4 \[[@b6]\] but endothelial progenitor cells (EPCs) express relative high surface CXCR4 \[[@b5], [@b7]\]. Only 5% of freshly isolated CD34^+^ cells from peripheral blood express CXCR4 but the expression can be increased \>10-fold by exposing cells to appropriate culture *in vitro*\[[@b8]\]. Our previous study shows that calcium treatment can increase the surface expression of CXCR4 on BMCs \[[@b9]\].

Accumulating evidence indicates that the level of CXCR4 surface expression on BMCs determines the efficiency of homing and the subsequent angiogenic response within target tissues \[[@b9], [@b10]\]. Overexpression of CXCR4 in MSCs or CD34^+^ cells enhances the migration of these cells towards SDF-1 *in vitro*\[[@b6], [@b11]\] and increases the efficiency of bone marrow transplant *in vivo*, probably due to increased cell survival and homing \[[@b12]\]. Infusion of autologous progenitor cells has been shown to promote revascularization of muscle in animal models of peripheral ischemia but this has not been successfully translated into clinical application. One reason may be that bone marrow of aged or diseased individuals contain defective stem/progenitor cells. EPC level and function are reported to be adversely affected by age, diabetes, ischemic heart disease and atherosclerosis in animals and human beings \[[@b13]--[@b15]\]. Angiogenesis is also impaired by aging \[[@b16]--[@b18]\]. The molecular basis of these defects is not known.

We suggested that defective CXCR4 expression develops during aging, decreasing the number of CXCR4^+^ progenitor cells in the bone marrow and circulation. This results in reduced progenitor cell presentation to the ischemic tissue and reduces angiogenesis. Here we report that indeed CXCR4 expression was significantly lower in BMCs from old mice (BMC^old^) *versus* BMCs from young mice (BMC^young^), and that BMC^old^ were unresponsive to calcium stimulation to enhance CXCR4 surface expression. BMC^old^ displayed impaired responses to SDF-1 *in vitro* and *in vivo* and this correlated with a significantly reduced angiogenic response *in vivo*. These results provide a molecular mechanism for the reduced efficacy of autologous stem cell therapy in aged individuals.

Materials and methods
=====================

More detailed information is provided in the Supporting Information.

Flow cytometry analysis of surface CXCR4 on BMCs
------------------------------------------------

All animals were treated in accordance with the Guide for the Care and Use of Laboratory Animals (National Institutes of Health), and the procedures were approved by the University of Miami Animal Care and Use Committee. Young male mice (C57BL/6J, age 6 to 8 weeks, from Jackson Laboratory, Bar Harbor, ME, USA) and old male mice (24--26 months old C57BL/6J, from National Institutes of Aging, Bethesda, MD, USA) were used. Bone marrow harvesting, BMC incubation with 1 mM CaCl~2~ for 4 hrs at 37°C and FACS analysis of surface and intracellular CXCR4 on BMCs were described previously \[[@b9]\].

To examine the CXCR4 expression on the surface of different subpopulations of BMCs, calcium treated or not treated BMCs were suspended in phosphate-buffered saline (PBS) containing 1% bovine serum albumin. In the first group, BMCs (1 × 10^6^ in 100 μl) were incubated with Biotin-conjugated anti-lineage Ab cocktail for 15 min., then with PerCP streptavidin secondary antibody, along with the fluorescein isothiocyanate (FITC)-conjugated anti-Sca1, Allophycocyanin (APC)-conjugated anti-C-kit and Phycoerythrin (PE)-conjugated anti-CXCR4 Abs for 60 min. at 4°C. In the second group, APC-conjugated anti-Flk-1, FITC-conjugated anti-CD34 and PE-conjugated anti-CXCR4 Abs were added together into BMC solution. In the third group, BMCs were incubated with Biotin-conjugated anti-Gr-1 Ab for 15 min., followed by adding PerCP streptavidin secondary antibody, along with FITC-conjugated anti-CD11b, and PE-conjugated anti-CXCR4 Abs for 60 min. at 4°C. Isotype and single colour labelled samples were used as the controls for multi-colour fluorescence-activated cell sorting (FACS) (LSR I; Becton Dickinson, San Jose, CA, USA).

Calcium influx measurement
--------------------------

Calcium influx was analysed by measuring the increase of intracellular calcium after BMCs were mixed with CaCl~2~ as described \[[@b9]\]. The mean fluorescence intensity (MFI) of each 15 sec. histogram was used to be normalized against the basal MFI before adding CaCl~2~ into the BMC suspension, and plotted as a time course.

Real time RT-PCR
----------------

The mRNA of CXCR4 was detected by real time-PCR and normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA levels as described \[[@b9]\].

FACS analysis of CXCR4 internalization
--------------------------------------

After BMCs were mixed with SDF-1α at 37°C for 2 hrs, CXCR4 internalization was analysed by measuring the decrease of surface CXCR4 and increase of intracellular CXCR4 as described \[[@b9]\].

Western blot assay for Akt and ERK phorsphorylation
---------------------------------------------------

Western blot analysis was performed to evaluate the phosphorylation of Akt kinase and Extracellular signal-regulated kinases 1 and 2 (ERK1/2). BMCs were homogenized in cell lysis buffer (Cell Signaling Technologies, Danvers, MA, USA), 80 μg protein extracts were separated on 10% SDS-PAGE gels (Bio-Rad) and analysed by Western blot as described \[[@b19]\]. Antibodies against Akt, P-Akt, ERK, p-ERK are from Cell Signaling Technologies.

Migration assay
---------------

A modified Boyden chamber assay (*n*= 3) was performed as previously described \[[@b20]\].

BMC Homing
----------

To study *in vivo* BMC homing, BMC^young^ or BMC^old^ from transgenic GFP-BL6 mice (Jackson Laboratory) were incubated in PBS with or without 1 mM CaCl~2~ for 4 hrs at 37°C and injected *via* the tail vein into 10-week-old male C57BL/6J mice that were subjected to limb ischemia as described previously \[[@b19]\]. Mouse SDF-1 (5μg/kg body weight, in PBS) was injected into the ischemic muscles daily for 3 days. Ischemic muscles were recovered 7 days after the cell injection. Cryo-preserved sections were observed by fluorescent microscopy. Cells with green fluorescence were counted under high power of magnification.

Mouse hindlimb ischemic model and LDPI scanning
-----------------------------------------------

Surgical creation of mouse hindlimb ischemia, injection of SDF-1 gene transduced NIH 3T3 cells, and laser Doppler perfusion image (LDPI) scanning were performed as described previously \[[@b19]\].

To compare the angiogenic potential of BMCs from young *versus* old mice, 1 × 10^6^ BMCs from young or old GFP mice were treated with CaCl~2~, and then injected *via* tail vein into mice with ischemic hindlimb. At same time, recombinant mouse SDF-1 (5 μg/kg body weight, in PBS) was injected into the ischemic muscles daily for 3 days. LDPI scanning was performed at day 0 and 21.

Analysis of recovered tissues
-----------------------------

Capillary endothelium was illustrated by alkaline phosphatase staining on frozen sections \[[@b20]\] and CD31 immunostaining on paraffin section of 7 day muscle samples. Proliferating and CD34^+^ cells were detected by immunohistochemical staining using anti-Ki67 and anti-CD34 antibodies, respectively, on paraffin sections of 7 day muscle samples as described \[[@b20]\].

Bone marrow transplantation
---------------------------

Bone marrow in femurs and tibias from young and old mice was harvested as described \[[@b9]\]. Recipient mice were subjected to lethal irradiation (950rad) and 1 × 10^7^ whole BMCs were injected into the tail vein 4 hrs later. After a 2-month reconstitution, mice were killed to recover BMCs from femurs and tibias. The BMC surface CXCR4 expression before infusion and after recovery was determined by flow cytometry.

Statistics
----------

Results are expressed as mean ± S.D. Statistically significant differences between groups were compared with one-way [anova]{.smallcaps} for multi-groups using GraphPad (San Diego, CA, USA) or two-tailed unpaired Student t-test for two groups only. Significance means *P* \< 0.05.

Results
=======

Aged mice have impaired angiogenic response to ischemia and SDF-1 therapy
-------------------------------------------------------------------------

We used an ischemic hindlimb model to measure the effect of age on angiogenesis and the response to cell therapy using SDF-1 gene transduced cells (see 'Materials and methods'). As shown in Figure [1A](#fig01){ref-type="fig"}, limb perfusion of untreated young mice increased significantly from 0.29 ± 0.01 at day 0 to 0.41 ± 0.01 3 weeks later. SDF-1 treatment in the ischemic muscle of young mice significantly enhanced the reperfusion to 0.50 ± 0.05. In contrast, the baseline recovery of old mice was significantly less than that of young mice, and old mice did not show enhanced perfusion in response to SDF-1 therapy (Fig. [1B](#fig01){ref-type="fig"}). The defective response of aged muscles to hindlimb ischemia and SDF-1 therapy were supported by measurements of cell proliferation (Ki67 staining, Fig. [1C](#fig01){ref-type="fig"}) and precursor recruitment (CD34 staining, Fig. [1E](#fig01){ref-type="fig"}). There was significantly less cell proliferation and less CD34^+^ cells in the ischemic tissue of aged mice compared with young mice (Fig. [1D](#fig01){ref-type="fig"} and [F](#fig01){ref-type="fig"}). The difference increased when the mice were treated with SDF-1. These data indicate that old mice may have less progenitor cells being homed at the ischemic site and are less sensitive to SDF-1 treatment than young mice.

![Angiogenesis in ischemic hindlimb of young and old mice. PBS (Ctrl) or NIH 3T3 cells retrovirally transduced with the SDF-1 gene (SDF-1) were injected into ischemic muscles immediately after the ischemia surgery. (A) Blood flow was measured using an LDPI analyser at the indicated time-points. The colour changes from blue to red represent the increase in perfusion. NIH 3T3 cells that had been transduced with lacZ gene had been used as a control to demonstrate that NIH 3T3 cells did not have effect on angiogenesis \[[@b19]\]. (B) Quantitative measurement of perfusion from LDPI at limb. Results are expressed as a ratio of ischemic leg (right) to normal leg (left). \**P* \< 0.05, *n*= 6. (C) Ki67 immunostaining of paraffin sections of the ischemic muscle fibres obtained from the mice at day 7 after ischemic surgery. (E) CD34 immunostaining of paraffin sections of the ischemic muscle fibres obtained at day 7. Arrows indicate Ki67^+^ or CD34^+^ cells, respectively. (D) and (F) Quantification of Ki67^+^ and CD34^+^ cells per muscle fibre, respectively (*n*= 6). \**P* \< 0.05; \*\**P* \< 0.01.](jcmm0015-2046-f1){#fig01}

BMCs of old mice have lower surface expression of CXCR4
-------------------------------------------------------

To explore the mechanism of the impaired angiogenesis in aged mice, CXCR4 expression on the surface of BMC^old^*versus* BMC^young^ was analysed by flow cytometry (Fig. [2A](#fig02){ref-type="fig"} and [B](#fig02){ref-type="fig"}). BMC^old^ expressed significant less CXCR4 (7.4 ± 2.6%) as compared to BMC^young^ (13.4 ± 2.0%; *n*= 13, *P* \< 0.01) (Fig. [2C](#fig02){ref-type="fig"}). The corresponding MFI was 7.2 ± 1.9 *versus* 14.2 ± 6.2 (Fig. [2D](#fig02){ref-type="fig"}). These data indicate BMC^old^ have less number of cells expressing CXCR4 and less CXCR4 on the surface of each cell ([Fig. S1](#sd1){ref-type="supplementary-material"}).

![Comparison of CXCR4 expression in BMCs from young *versus* old mice. BMCs were incubated at 37°C for 4 hrs in PBS (white bar) or PBS plus CaCl~2~ (1 mM) (black bar) and labelled with FITC-conjugated anti-CXCR4 mAb. BMCs from young (A) and old mice (B) were analysed for surface CXCR4 expression by FACS. CXCR4^+^ BMCs from old and young mice were quantified as percentage of total BMCs (C) or as MFI (D). (E) Quantification of CXCR4 mRNA by RT-PCR. The CXCR4 mRNA levels were normalized to the mRNA levels of housekeeper gene GAPDH. \**P* \< 0.05; \*\**P* \< 0.01. (F) Time course of calcium influx into BMCs from young and old mice. Each set point represents the MFI of a 15 sec. histogram. Values were normalized against the basal MFI before adding CaCl~2~ into the BMC suspension.](jcmm0015-2046-f2){#fig02}

Furthermore, the inducibility of CXCR4 surface expression in response to environmental change was also compared between BMC^old^ and BMC^young^. As we reported previously, CXCR4 expression on BMC^young^ could be enhanced by calcium \[[@b9]\]. To determine whether BMC^old^ has the similar inducibility, BMC^old^ and BMC^young^ were subjected to 1 mM CaCl~2~ treatment for 4 hrs. CXCR4 surface expression in BMC^old^ increased significantly less (9.6 ± 2.4%) in comparison with BMC^young^ whose CXCR4 expression was more than doubled after calcium treatment (30.0 ± 8.0%, *n*= 13, *P* \< 0.01) (Fig. [2A](#fig02){ref-type="fig"} and [C](#fig02){ref-type="fig"}).

To determine whether these differences were due to transcription of the CXCR4 gene, CXCR4 mRNA was quantified by RT-PCR (Fig. [2E](#fig02){ref-type="fig"}). Basal level of CXCR4 mRNA was similar between BMC^young^ and BMC^old^. However, calcium treatment of the BMCs increased CXCR4 mRNA in BMC^young^ by 2.89 ± 0.48-fold (*n*= 3, *P* \< 0.05) whereas the increase in BMC^old^ (1.82 ± 0.2-fold) was significantly lower (*n*= 3; *P* \< 0.05). To examine the mechanism of defective calcium-induced CXCR4 surface expression in BMC^old^, calcium influx into BMCs was measured by flow cytometry. BMC^old^ had significant lower calcium influx than BMC^young^ (Figs [2F](#fig02){ref-type="fig"} and [S2](#sd1){ref-type="supplementary-material"}). The data indicate that cytoplasmic Ca^++^ concentration is an important factor that regulates CXCR4 transcription. Defective calcium influx in BMC^old^ is one of the direct reasons for the impaired Ca-induced CXCR4 expression.

To further define the cause of defective CXCR4 surface expression in old BMCs, both intracellular and surface CXCR4 were measured using a differential labelling system with two- colour-conjugated Abs ('Materials and methods'). The intracellular CXCR4 in old BMCs was not significantly different from young BMCs (Fig. [3A](#fig03){ref-type="fig"}). These data indicate the lower CXCR4 surface expression in old cells is not caused at the levels of transcription or translation.

![Internalization of CXCR4. Intracellular (A) and surface (B) CXCR4 was differentially measured by FACS after BMCs, treated with (black) or without (dots) calcium, were mixed with SDF-1 for 1 hr. Disappearance of surface CXCR4 and increase of intracellular CXCR4 represent the internalization of CXCR4.](jcmm0015-2046-f3){#fig03}

Ligand-induced CXCR4 internalization
------------------------------------

SDF-1 binding causes internalization of the CXCR4 receptor. To determine whether this activity is normal in BMC^old^, we measured the decrease of surface CXCR4 and increase of intracellular CXCR4 after BMCs were mixed with SDF-1 to allow internalization of SDF-1/CXCR4 complex. As shown in Figure [3](#fig03){ref-type="fig"}, surface CXCR4 declined after SDF-1 treatment of BMC^young^ (Fig. [3B](#fig03){ref-type="fig"}) and there was a reciprocal increase of intracellular CXCR4 (Fig. [3A](#fig03){ref-type="fig"}). These changes were enhanced by calcium treatment. In BMC^old^, SDF-1 also caused significant CXCR4 receptor internalization. But unlike the BMC^young^ this was not amplified by calcium. These results suggest that CXCR4 responds normally to SDF-1 in cells from old mice and that the main difference is lower basal CXCR4 expression and absence of a response to calcium.

CXCR4 expression in subgroups
-----------------------------

To further examine CXCR4 expression in the subpopulation of BMCs and to determine whether a subset of cells was selectively impaired during aging, we compared CXCR4 expression in subpopulations of BMC from young and old mice. As shown in Figure [4](#fig04){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}, we found that cell composition in BMCs was similar between old and young mice in the examined subsets except the lineage negative subpopulation which is significantly higher in young mice than old mice (Fig. [4A](#fig04){ref-type="fig"}). The surface CXCR4 expression of Lin^--^/Sca1^+^ cells from young mice was significantly higher than that of old mice, whereas CXCR4 expression on CD34^+^/Flk1^+^ subset was not different (Fig. [4B](#fig04){ref-type="fig"} and [C](#fig04){ref-type="fig"}). We note that Gr1^+^/CD11b^+^ subpopulation is significantly higher in old mice than young mice, while the CXCR4 surface expression on this subpopulation is higher in young mice (Fig. [4](#fig04){ref-type="fig"}).

![CXCR4 expression in BMC subpopulations. (A) Subpopulations of BMCs were analysed by FACS and compared between young and old mice. (B) Quantification of CXCR4^+^ cells in the subpopulation of BMCs from young and old mice by FACS. (C) Quantification of CXCR4 surface expression using MFI. *n*= 6. \**P* \< 0.05, \*\**P* \< 0.01.](jcmm0015-2046-f4){#fig04}

###### 

CXCR4 expression in the subpopulations of BMCs from young and old mice

  Subpopulations           \% Cells[\*](#tf1-1){ref-type="table-fn"}   *P*-value (*n*= 4)   \% CXCR4^1^ Cells[†](#tf1-2){ref-type="table-fn"}   *P*-value[‡](#tf1-3){ref-type="table-fn"} (*n*= 4)                 
  ------------------------ ------------------------------------------- -------------------- --------------------------------------------------- ---------------------------------------------------- ------------- ------
  CD34^+^                  5.2 ± 0.8                                   4.5 ± 2.1            0.52                                                59.3 ± 7.6                                           62.7 ± 20.5   0.67
  CD34^+^/Flk1^+^          0.4 ± 0.2                                   0.3 ± 0.2            0.56                                                83.4 ± 9.7                                           79.0 ± 15.4   0.46
  Lin^−^                   19.4 ± 4.7                                  13.6 ± 3.5           0.045                                               26.9 ± 12.6                                          26.9 ± 12.6   0.99
  Lin^−^/Sca1^+^           2.18 ± 0.81                                 2.62 ± 0.93          0.31                                                75.5 ± 9.6                                           55.6 ± 10.7   0.01
  Lin^−^/Sca1^+^/cKit^+^   0.18 ± 0.09                                 0.19 ± 0.09          0.8                                                 45.9 ± 15.4                                          32.4 ± 14.3   0.08
  Gr1^+^/CD11b^+^          21.2 ± 8.1                                  46.7 ± 17.2          0.045                                               11.1 ± 3.0                                           7.0 ± 3.1     0.06

Percentage of subpopulation cells in total BMCs were analysed by FACS.

Percentage of CXCR4^+^ cells in the gated subpopulations of the previous column '% Cells'.

*P*-values were obtained from t-test analysis of data between young *versus* old.

A muted signalling response to SDF-1 in BMC^old^
------------------------------------------------

To quantify downstream SDF-1/CXCR4 signalling in BMC^old^, we measured the SDF-1-mediated phosphorylation of protein kinases Akt (Fig. [5A](#fig05){ref-type="fig"}) and ERK1/2 (Fig. [5B](#fig05){ref-type="fig"}). SDF-1 treatment induced 2--3-fold increase in the phosphorylation of Akt in BMCs from young mice, which was enhanced by calcium treatment (Fig. [5C](#fig05){ref-type="fig"}). In contrast there was no significant change in AKT phosphorylation in response to SDF-1 or calcium treatment of BMCs from old mice. The data indicate that BMC^old^ have reduced sensitivity to calcium stimulation and depressed intracellular signalling by SDF-1/CXCR4/Akt as a consequence. In contrast, the ERK1/2 phosphorylation was similar between old and young BMCs and was not changed by calcium treatment (Fig. [5D](#fig05){ref-type="fig"}). These results indicate that the ERK1/2 signalling pathway is not altered in BMC^old^. The fact that SDF-1 increased Akt phosphorylation only in young BMCs correlated with cell protection. Young, but not old, BMCs had reduced apoptosis and necrosis after exposed to hypoxia and nutrition depression for 20 hrs ([Fig. S3](#sd1){ref-type="supplementary-material"}).

![Effect of SDF-1 and calcium treatment on phosphorylation of AKT and ERK1/2. BMCs from young and old mice were incubated in PBS with or without CaCl~2~ for 4 hrs, then mixed with SDF-1 for 5 min. at 37°C before they were analysed by Western blot using specific antibodies against Akt (A) and ERK1/2 (B), and their phosphorylated forms (p-Akt and p-ERK). The relative p-Akt (C) and p-ERK (D) are presented as a ratio of phosphorylated kinase over total kinase after measuring the density of each band. \**P* \< 0.05; *n*= 3.](jcmm0015-2046-f5){#fig05}

Defective SDF-1 mobility of aged BMCs *in vitro*
------------------------------------------------

Boyden chamber assays were use to quantify the migration of BMCs from young and old mice in response to a gradient of SDF-1. As indicated in Figure [6A](#fig06){ref-type="fig"}, the mobility of BMC^young^ was enhanced by calcium treatment. In contrast, BMC^old^ showed lower mobility and this was not enhanced by calcium pre-treatment.

![The effects of environment on CXCR4 expression and BMC migration. BMCs of young and old mice were eliminated by lethal irradiation and reciprocally replaced by transplanting old into young and vice versa. After 2 months reconstitution, BMCs were recovered and subjected to calcium treatment. (A) BMC migration was performed by a modified Boyden chamber assay. Migrated cells were quantified microscopically (LPF) 16 hrs after culture. (B) CXCR4^+^ BMCs was determined by FACS as described above. \**P* \< 0.05; \*\**P* \< 0.01, *n*= 5. 'Original' and 'Recovered' represent BMCs from mice before and after transplantation, respectively.](jcmm0015-2046-f6){#fig06}

To determine whether the effects of aging on BMCs were reversible, we carried out reciprocal old→young and young→old bone marrow transplants as described in 'Materials and methods'. Two months after transplantation, CXCR4 surface expression of the recovered BMCs was measured and migration to SDF-1 was determined. CXCR4 expression of aged BMCs remained low after transplanted into young mice while that of young BMCs remained high after transplanted into old mice (Fig. [6B](#fig06){ref-type="fig"}). The changes due to transplantation were not significantly different in either case. Similarly transplantation did not change basal or calcium-stimulated mobility toward SDF-1 (Fig. [6A](#fig06){ref-type="fig"}).

*In vivo* homing of BMCs from old mice is impaired
--------------------------------------------------

To determine whether impaired CXCR4 expression affects the ability of cells to home to ischemic muscle, BMCs were isolated from young and old GFP mice and pre-treated with PBS alone or PBS + CaCl~2~. Equal cell aliquots were delivered by tail vein injection into wild-type young mice with ischemic hindlimbs which received SDF-1 injections to increase chemo-attraction for CXCR4^+^ cells. One week later, significantly more GFP^+^ cells presented in the ischemic muscle from the young *versus* old donors (*P* \< 0.05, *n*= 3) (Fig. [7A](#fig07){ref-type="fig"}). Homing of GFP cells to ischemic muscle was further enhanced by calcium treatment of young but not old GFP BMCs (Fig. [7B](#fig07){ref-type="fig"}). These results confirm the defective SDF-1-mediated homing capacity and calcium response of aged BMCs.

![The effect of calcium treatment on BMC homing and promoting angiogenesis. BMC^young^ and BMC^old^ from GFP mice, treated with/without calcium, were intravenously injected *via* the tail vein into young recipients with ischemic hindlimb. SDF-1 was injected into ischemic muscle once a day for three days after femoral artery resection. (A) Ischemic muscles were harvested 1 week after the surgery. The injected GFP cells were detected under fluorescent microscopy. Bar = 100 μm. (B) Quantitative measurement of injected BMC homing at the ischemic tissues. \**P* \< 0.05; *n*= 3. (C) LDPI showing blood flow before and 3 weeks after the treatment. (D) Quantitative measurement of reperfusion. (E) CD31 immunofluorescence staining to show the capillaries in ischemic muscles. Bar = 50 μm. (F) Quantification of capillary density per high power field. (G) CD34 (green fluorescence) and Ki67 (red fluorescence) double immunofluorescence staining to illustrate the proliferating CD34^+^ cells. Bar = 50 μm. (H) Quantification of CD34 and Ki67double positive cells indicating proliferating CD34^+^ cells per high power field. \**P* \< 0.05, \*\**P* \< 0.01; *n*= 6.](jcmm0015-2046-f7){#fig07}

The angiogenic ability of BMC^old^ was impaired
-----------------------------------------------

BMC^old^ or BMC^young^ were intravenously injected into young recipient mice with ischemic hindlimb. Blood reperfusion was measured by LDPI. BMC^young^ promoted significantly more angiogenesis than BMC^old^ (Fig. [7C](#fig07){ref-type="fig"} and [D](#fig07){ref-type="fig"}). Calcium treatment of BMC^young^ but not BMC^old^ further augmented the recovery of blood flow. The perfusion index increased from 0.67 ± 0.07 of PBS-treated BMC^young^ to 0.80 ± 0.12 in Ca-treated BMC^young^ while there was no significant difference between groups injected with BMC^old^ (*P* \> 0.05, *n*= 6) (Fig. [7D](#fig07){ref-type="fig"}). Injection of BMC^young^ resulted in significantly increased capillary density (Fig. [7E](#fig07){ref-type="fig"} and [F](#fig07){ref-type="fig"}) and proliferating CD34^+^ cells (Fig. [7G](#fig07){ref-type="fig"} and [H](#fig07){ref-type="fig"}) in the ischemic muscles relative to that injected with BMC^old^. These effects were enhanced by calcium pre-treatment of young, but not old, BMCs.

Discussion
==========

Aging in animals and human beings is associated with impaired angiogenesis and arteriogenesis \[[@b16], [@b18], [@b21]--[@b23]\]. Here we confirm that old mice have impaired vessel regeneration in response to ischemia and fewer proliferating cells and less CD34^+^ progenitor cells in the ischemic muscle (Fig. [1](#fig01){ref-type="fig"}). We propose that this is a consequence of impaired CXCR4 surface expression on BMCs and desensitization of CXCR4 expression to calcium.

Compared to BMCs from young mice, those from aged mice had: (1) reduced surface expression of CXCR4; (2) diminished stimulation of CXCR4 surface expression by calcium; (3) significant lower Ca-influx and loss of calcium-stimulated CXCR4 mRNA accumulation; (4) dramatic reduction of SDF-1-mediated CXCR4 internalization both in the presence and absence of calcium stimulation and (5) marked abrogation of Akt phosphorylation in response to SDF-1 treatment. These effects of aging on CXCR4 expression in BMCs translated into the following functional impairments: (1) BMCs failed to migrate in an SDF-1 gradient; (2) Calcium failed to enhance migration; (3) SDF-1 failed to enhance BMC viability; (4) BMCs failed to home *in vivo* to ischemic tissue in response to SDF-1 in ischemic hindlimbs and (5) Angiogenesis was markedly impaired despite injected SDF-1 in the ischemic muscle. Fewer capillaries and proliferating precursor cells were present at the lesion site. The impact of aging on CXCR4 expression and SDF-1-mediated migration were retained after reciprocal transplant of cells from young to old and old to young mice (Fig. [6](#fig06){ref-type="fig"}), indicating that the change in CXCR4 expression is irreversible.

Our results provide the first evidence that defective CXCR4 amount and function of bone marrow progenitors contributes to impaired neovascularization in aged animals. This is consistent with reports that age-related dysfunctions can be reversed by gene-mediated overexpression of CXCR4 \[[@b24]\].

There was a selective effect of aging on BMC subpopulations ([Table 1](#tbl1){ref-type="table"}). The number of lineage negative BMCs were significantly reduced in older mice while other subpopulations were not significantly altered (Fig. [4A](#fig04){ref-type="fig"}). CXCR4 surface expression was significantly lower in the Lin^--^/Sca1^+^ subpopulation of old mice (Fig. [4B](#fig04){ref-type="fig"} and [C](#fig04){ref-type="fig"}). Because Lin^--^/Sca1^+^ cells are major precursors of haematopoietic cells \[[@b25]\], our data suggest that HSCs are important for initiating angiogenesis and lower CXCR4 surface expression on HSC impairs the angiogenesis in older mice. Less homing could also be due to different composition of different cell populations between young and old mice. We also showed that other cell types such as CD11b^+^ and Gr1^+^ cells loose CXCR4 expression during aging ([Table 1](#tbl1){ref-type="table"} and Fig. [4](#fig04){ref-type="fig"}) and this may contribute to the global loss of CXCR4 that we observed; these cells also contribute to angiogenesis in addition to CD34^+^ cells.

It is interesting to note that BMC^old^ contain more neutrophils (Gr1^+^/CD11b^+^) than BMC^young^, while the neutrophils in BMC^old^ have less CXCR4 than those in BMC^young^ (Fig. [4](#fig04){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}). These results agree with the reports \[[@b26], [@b27]\] that there are more neutrophils in circulation of older as neutrophils have less CXCR4 and are easier to be mobilized into circulation. However, there are discrepancies in the literatures regarding the CXCR4 expression on neutrophils. Several reports have shown that neutrophils have relative low CXCR4 expression (∼4--10%) \[[@b26], [@b28]--[@b30]\] as we observed, while other studies \[[@b26], [@b27]\] reported that ∼70% neutrophils are CXCR4^+^. The difference may reflect different methods of cell gating, cell treatments and/or immunostaining.

Mechanistically, we found that transcription of the CXCR4 gene in BMCs was not affected by aging because the basal mRNA levels of CXCR4 were similar between BMC^young^ and BMC^old^ (Fig. [2D](#fig02){ref-type="fig"}). Furthermore, we also found that the intracellular CXCR4 in old BMCs was not significantly different from young BMCs (Fig. [3A](#fig03){ref-type="fig"}). These results indicate that the defective surface expression in old cells is most likely a post-translational consequence that may occur at the step of exocytosis. After calcium stimulation, CXCR4 mRNA accumulation was significantly lower in old relative to young BMCs, an effect that we attribute to defective calcium influx in old BMCs. Less calcium influx results in less calcium-induced transcription and less calcium-induced CXCR4 surface presentation. These results suggest that loss of a transcriptional response to extracellular stimulators along with repressed receptor externalization all contribute to the defective CXCR4 surface expression in aged mice.

The molecular mechanism for age-related down-regulation of CXCR4 is unknown. In lymphocytes CXCR4 expression is regulated by cytokines, interleukin 2 \[[@b31]\], transforming growth factor β and interferon-γ\[[@b32], [@b33]\]. CXCR4 mRNA, protein and cell surface expression in endothelial cells has been shown to be up-regulated by β--FGF and down-regulated by TNFα\[[@b34]--[@b36]\]. Aging causes deficient expression and defective function of angiogenic growth factors \[[@b16]\]. Reduced SDF-1α levels in aged wounds was also reported \[[@b37]\].

Cellular responses to stimulation on CXCR4 expression are cell specific. For example proliferation stimuli decrease CXCR4 expression in lymphocytes \[[@b38]\], but increase CXCR4 expression in MSC and possibly in glial progenitors \[[@b39], [@b40]\]. Our observation of differential effects of CXCR4 expression in bone marrow (BM) subpopulations may help reconcile apparently conflicting reports on the effects of aging on progenitor cells. Chang *et al.* reported that age-associated decline in vasculogenesis results from failure of peripheral tissues to generate a suitable signal for EPC recruitment rather than from primary EPC depletion or dysfunction \[[@b41]\]. They showed that intrinsic EPC function and number remained intact both in human beings and in a mouse ischemic flap model. Our data also show that the number of CD34^+^/Flk1^+^ cells (considered as EPCs) in BM was not altered by aging (Fig. [4A](#fig04){ref-type="fig"}). Dimmeler's group reported that the expression of CXCR4 on BM-MNC was not significantly different between healthy young adults and aged patients with chronic ischemic heart disease \[[@b42]\]. It seems possible that marked effects of aging on CXCR4 expression on subpopulations of BMCs is responsible at least in part for defective angiogenesis and vessel repair.
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**Fig. S1** FACS analysis of surface CXCR4 on BMC. Aftercalcium treatment, both the number of cells expressing surfaceCXCR4 and the amount of CXCR4 on the surface are increased. TheFACS pictures show that more cells above the base line indicatingmore CXCR4^+^ cells, and that higher intensity of fluorescence (higher above the line) indicating increased amount of CXCR4 on surface.

**Fig. S2** Calcium influx into BMC. Calcium influx intocells was measured by flow cytometry with Fluo-4/AM staining.Arrows indicate the time when PBS or CaCl~2~ were added. The FACS data were converted into line graphs in Figure 1F.

**Fig. S3** Viability and apoptosis of BMCs. BMCs from young(white bar) and old (black bar) mice were cultured under hypoxia(0.5% O~2~) in serum-free DMEM supplemented with orwithout SDF-1α for 20 hrs. The apoptosis and necrosis cellswere detected by annexin V and PI staining and thereafter flowcytometry analysis. The unhealthy cells represent the cells thatwere positive for either staining. \**P* \< 0.05; *n* = 3.
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